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Abstract 
Phase-locked heterodyne detected pump-probe xperiments are reported on solutions of a dye molecule in ethylene 
glycol, methanol and acetonitrile. By performing experiments atdifferent phase-lock wavelengths, the real and imaginary 
parts of the line broadening function g(t) could be mapped out. The imaginary part of g(t) is directly related to dissipative 
dynamics. Comparison of the experimental data with calculations based on the Brownian oscillator model yields soivation 
frequencies that are substantial higher than those reported using MD simulations on similar systems. 
1. Introduction 
There is compelling evidence, both from molecu- 
lar dynamics (MD) simulations [1-4] and femtosec- 
ond fluorescence upconversion experiments [5,6], that 
the initial phase of polar solvation dynamics pro- 
ceeds on a time scale of less than 100 fs. MD 
simulations also revealed that this initial ultrafast 
solvation step is inertial; that is, it is due to small- 
amplitude free rotational motions of solvent 
molecules, with the bulk of the solvation being 
caused by dynamics in the first solvation shell. While 
this initial solvation phase is a single-molecule event, 
the initial conditions for these unimpeded molecular 
motions are, of course, being determined - as 
nonequilibrium MD simulations how - by all so- 
lute-solvent interactions on the ground state poten- 
tial energy surface. Despite the fact that there has not 
been a single experiment revealing the inertial effect 
directly, its existence has been taken for granted. 
Yet, a direct measurement of the inertial effect would 
be rather important, not merely as prove of its exis- 
tence, but also to confirm the validity of classical 
MD simulations for a description of solvation dy- 
namics. Furthermore, the unveiling of the inertial 
effect would put to rest some questions concerning 
the applicability of Bloch-like models for a descrip- 
tion of ultrafast optical dynamics in solution. Study 
of the short-time solvation dynamics is also impor- 
tant in itself as it is directly connected to chemical 
reactivity [7] in the solution phase and in proteins. 
Experimentally solvent and solvation dynamics - 
as probed in time-gated fluorescence or in a variety 
of four-wave mixing experiments - have been mod- 
eled extensively [8-14] by use of the multimode 
Brownian oscillator (MBO) model [15], which is 
applicable to describe solvation dynamics at all times. 
In this model the harmonic oscillators, representing 
solvent motions or intramolecular vibrations, can be 
under- or overdamped. While purely phenomenologi- 
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cal, the MBO model has had an enormous impact on 
our thinking about optical dynamics in solution. For 
instance, it is now well accepted that optical dynam- 
ics in solution is distinctly non-Markovian, meaning 
that the bath correlation function cannot be repre- 
sented by a delta function in time (Markov approxi- 
mation). The attractiveness of the MBO model stems 
also from the fact that it makes a direct link between 
optical and solvation dynamics [16]. This has made 
the MBO model a popular formalism to describe and 
connect a variety of linear and nonlinear spectro- 
scopic measurements. In MBO theory a major role is 
played by the so-called line broadening function 
g(t) ,  whose imaginary part is directly related to 
solvation dynamics, and which determines the non- 
linear optical response functions. 
We have recently shown [17] that phase-locked 
heterodyne detected pump-probe xperiments pro- 
vide direct access to the short-time behaviour of 
g(t) .  Fig. 1 shows the pulse sequence for femtosec- 
ond phase-locked pump-probe (PLPP). PLPP is a 
pump-probe xperiment in the sense that the excita- 
tion pulse pair creates a population state, which is 
interrogated by a third pulse. The difference with 
conventional pump-probe is that the state of popula- 
tion is an ordered state; it can be viewed as a grating 
in frequency space, which is affected by short-time 
dynamics. This is reflected in the probing process 
whereby the population is converted into a polariza- 
tion that interferes with the third pulse. PLPP can 
also be viewed also as a special case of heterodyne 
detected stimulated photon echo [ 17]. 
For the dye DTTCI in ethylene glycol these ex- 
periments led to the conclusion that no noticeable 
solvation dynamics occurred in the first 50 fs. In this 
Letter we present some new and more detailed re- 
suits of PLPP experiments on DTTCI (3,3'-diethyl- 
thiatricarbocyanine iodide), in ethylene glycol (EG), 
methanol (MeOH), and acetonitrile (AN) at room 
temperature. Sub-100 fs dynamics is deduced now in 
all solvents, be it that solvation is noticeably slower 
in EG than in AN or MeOH. It is pointed out that 
intramolecular vibrational dynamics contributes to 
the short-time dynamics of g(t) .  Intramolecular dy- 
namics can only be separated from solvent dynamics 
for vibrational modes that are prominent in the stim- 
ulated photon echo. 
2. Experimental 
The setup used to perform the fs PLPP experi- 
ments is shown in Fig. 2. It is a modified version of 
the apparatus employed before to conduct phase- 
locked heterodyne detected stimulated photon echo 
experiments [17]. The setup is constructed around a 
home-built cavity-dumped Ti:sapphire laser [18], 
whose spectral output peaks at 780-785 nm. The 
dumped laser pulses, after pre-compression in a four 
fused-silica prism assembly, are split by a 50% 






Fig. i. Pulse sequence for phase-locked pump-probe experiments. Wavevectors f the pump fields E l and E 2 ale equal: k I = k2,  while the 
difference between their phases ~b~2 =Ol - ~b2 is fixed for any delay time ~'. The induced third-order polarization p(3) is probed at the 
time t=0. 
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beamsplitter (BS1). One of the beams is directed to 
Mach-Zehnder interferometer (MZI) which pro- 
duces a sequence of two interferometrically stable 
pump pulses E] and E 2 (Fig. 1) separated by time r. 
A precision translation stage in combination with a 
ceramic piezo transducer (PZT) enable accurate con- 
trol of the delay between the pulses of a pulse pair. 
Phase-locking of time-separated femtosecond laser 
pulses was achieved by monitoring the electric field 
interferences through a narrow band monochromator 
[19,20]. The obtained spectral interference pattern is 
the Fourier transform of the pulse pair and thus 
directly reflects the phase difference and delay be- 
tween the pulses. Active control and stabilization of 
the phase can now be obtained by use of an appro- 
priate feedback loop, thereby maintaining the total 
accumulated phase angle (~b = Wlock~', with O31ock the 
locking frequency and T the delay between the 
pulses) at a specific value; for instance, in-phase 
qb = 2n'rr while for in-quadrature ~b = (2n _+ 1/2)xr. 
The probe pulse E 3, after being delayed by a time 
T, and the phase-locked pump pair were focused in 
the sample jet under a small angle and recollimated 
using all reflective optics. Dye solutions of DTI'CI 
(Lambda Physik) in EG, AN or MeOH (Merck p.A.) 
were made with a peak optical density of about 0.2 
over a jet thickness of 100 Ixm. After traversing the 
jet the pump pair was focused into a 30 or 100 Ixm 
BBO crystal to measure a second-harmonic phase- 
locked interferometric collinear autocorrelation func- 
tion. It yielded a pulse duration of 13-15 fs (assum- 
ing a sech [2] pulse envelop shape), independent of
whether the jet was off or on. The autocorrelation 
signal was recorded permanently during the PLPP 
experiments providing an accurate determination of
zero delay within the pump pair and continuous 
inspection of the phase-locking process. The zero 
delay point between the pump pulses and the probe 
pulse was set by recording two-pulse photon echo 
signals in conjugated irections. 
The PLPP signal was detected by a silicon photo- 
diode (PD1) positioned in the beam carrying the 
probe pulse, and processed by a lock-in amplifier. It 
was referenced to the sum-frequency of a dual- 
frequency mechanical chopper that modulates both 
pump beams. In this manner we select contributions 
to the signal that result only from an interaction with 
all laser fields. Excitation pulse energies were kept 
as low as 250 pJ per pulse to avoid interference with 
higher-order (for instance, X (5)) optical nonlineari- 
ties. The experiments were performed at a repetition 
rate of 4 MHz; lowering this rate had no effect on 
the signal shape. In all experiments reported here the 
probe delay time, T, was set at 5 ps, which is much 
longer than the decay of the vibrational coherence in
DTTCI. 
From i~)Z/i~i2 ~~- .............................. S -  (EIE*2 + E*IE2)EaE*3 
cavity-dumped ~ ~" , 
Ti:sapphire laser :: "[ ~ PZTI PD1 I~ l  
,~  ! I ~] A'[-CH ,~,  !i M4 k2(o = 2kl [--~ [-7-'1 
- BS lp  ! ,~BS2 II i r  t:= L "-'"--. , | ~l..~-J---- 
,~r , i ,re, BS3 "~ 1 ! BBO'~'J~-,~ k'2PE %.~k2 - k3 
1 1 : 1  ............................ ..... i MZ/~-  ~ ~ ' -  ~- J  PD3 
/ ~~-~.  .. . . . . .  o-~----["~] PD4 
To monochromator I ¢~ i..~..J 2 Sample~'~ E=2k3 k2 
and phase-locked [ d k3 jet ~ ],~ 
eontroleleetronies ~ ~ "~//M 
N~ kl=k2 ~ ~" l 
Fig. 2. Layout of the experimental setup. MZI: Mach-Zehnder interferometer, CH:dual-frequency mechanical chopper, DL: delay line, 
PZT: piezo-electric transducer, BS: R = 50% beamsplitter, CP:compensation plate to equalize the amount of material in each beam, M: 
focusing (r = 25 cm) mirror, BBO: 30 or 100 IJ.m doubling crystal, PD: silicon photodiode. PDI detects he phase-locked pump-probe 
signal, while PD2 monitors the phase-locked interferometric autocorrelation fu ction. The two-pulse echo signals in conjugate directions 
k2p E and k~p E(dashed lines) and detected byPD3 and PD4. 
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3. Results and discussion 
Fig. 3 displays pump-probe signals with and 
without phase-locking for DTTCI in EG and they are 
found to be strikingly different. Without phase-lock- 
ing (Fig. 3a) a rather 'noisy'  interference pattern is 
observed. In the phase-locked case (Fig. 3b) - which 
intercepts the interference pattern at specific phase 
differences - the signals are very much dependent 
on the phase difference locked to. While the in-phase 
(4']2 = 0) PLPP signal is symmetric, the in-quadra- 
ture (thl2 = ~r/2) component of the signal is anti- 
symmetric. Fig. 4 shows (solid circles) how the 
PLPP signals vary as a function of lock-frequency. 
Notable differences are observed in the shape of the 
signals for the various solvents, especially for the 
in-quadrature parts near the lock-wavelength where 
phase reversal of the signal occurs. As will be shown 
these lock-wavelength-dependent changes are essen- 
tial to pinpointing the short-time solvation dynamics. 
In order to obtain a more quantitative analysis of 
the data in Fig. 4 we employ the MBO model and 
a) 
-100 -50 0 50 100 
De lay  between pu lse  1 & 2, x [Is] 
Fig. 3. Pump-probe signals without (a) and with (b) phase-lock- 
ing for ~bl2 = 0 (thick solid line) and ~bl2 = w/2 (dashed line); 
the lock-wavelength was set at 767 nm. 
7;0:0 7 
• "~--  -8oo~ -" 1~ 
~*"~ Ethylenie Glycol ' "  
* i t * i i 
. . . .  
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Delay between pulses I & 2, x [fsl 
Fig. 4. Phase-locked pump-probe signals for D'Iq'CI in the sol- 
vents ethylene glycol, methanol and acetonitrile. Lock-wave- 
lengths (in nm) are indicated in the central part of the figure. The 
experimental data is represented bycircles; the solid lines are the 
results of the computer simulations. Fit parameters are given in 
Table 1. 
use results of a recent paper [17]. In that paper we 
showed that for impulsive excitation and positive 
delay time ~', the PLPP signal has the following 
phase and delay dependence, 
SpLpp(~',  4~12 = O) 
= exp{-  Re[ g( ~')]} 
×cos{ Im[g( r ) - (O~g-O~,o¢k)z ]} ,  
= exp{ - Re[ g ( r ) ]  } 
× sin{Im[ g ( r )  - ( oJeg - ~O,oek)z] }. (1) 
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In Eq. (1), tong is defined as the first moment of the 
optical absorption spectrum [21] while (.Olock is the 
lock frequency. For negative delays, T in Eq. (1) 
should be replaced by -~- and the sin function 
preceded by a minus sign. From these considerations 
it is then immediately obvious why the in-phase and 
in-quadrature PLPP signals are symmetric and anti- 
symmetric with respect o the delay time ~-. 
In the MBO model the so-called line broadening 
function g(t) in Eq. (1) can be related to the Brown- 
ian oscillator correlation function M(t) as follows 
[15,21] 
g(t) = - iA t  + iAfot dr M(~') 
Here A is half the Stokes shift and A 2=E A 2, 
where A t is related to the frequency to t and displace- 
ment d, of the jth Brownian oscillator by the rela- 
tion A f= tofd2[n(to) + ½]. n(to) is the thermal oc- 
cupation number. It should be noted that in linear 
response theory M(t) is identical to the solvation 
correlation function. 
For a constant M(t) at short times, Eqs. (1) and 
(2) predict the imaginary part of g(t) to be zero, 
resulting in a disappearance of the in-quadrature 
PLPP signal for %g = tOiock. Moreover, Eq. (1) pre- 
dicts also the phase of the in-quadrature PLPP signal 
to reverse when locking above and below tOeg. Fig. 4 
shows that for DTTCI in EG the in-quadrature PLPP 
signal nearly vanishes when the lock-wavelength is 
set to 780 nm, while the signals with lock-wave- 
length above and below this point have opposite 
phases. According to Eq. (1) then, Aeg is about 780 
nm, which is redshifted from the dye's absorption 
maximum at 767 nm. For MeOH and AN the wave- 
lengths at which phase reversal of the signal occurs 
are 775 and 785 nm, respectively. Again Aeg is 
above the absorption maximum. The reason for this 
behaviour is twofold. First, the excitation pulses 
have a finite spectral width and are detuned to the 
red with respect to the maximum of dye's absorption 
spectrum. Second, the absorption spectrum has an 
appreciable inhomogeneous component, as was in- 
ferred from time-gated photon echo experiments [22]. 
These facts together imply that for the analysis of 
our data the effective tOeg needs to be determined. 
While for impulsive xcitation a PLPP measurement 
at a single lock-wavelength is sufficient o calculate 
the short-time dynamics of g(t), for finite excitation 
pulse widths a lock-wavelength-dependent study is 
necessary to locate to~g, which is an important pa- 
rameter in the analysis of the imaginary part of g(t). 
Inspection of Eq. (2) shows that in case M(t) 
exhibits dynamics in the time window of our mea- 
surements (75 fs for EG, and 90 fs for AN and 
MeOH), Im[g(t)] cannot be made to vanish at any 
lock-wavelength. Qualitatively we thus conclude 
from Fig. 4 that solvation dynamics in AN and 
MeOH is much faster than in EG, which is, of 
course, not unexpected. To obtain a more quantita- 
tive assessment of these dynamics we tried to fit our 
data with a correlation function of the form 
M(t )  = exp( - ' -  2,2  ,os, j. (3) 
Note that M(t) in Eq. (3) has the same short-time 
behaviour as any Brownian oscillator, to s is usually 
denoted as the solvation frequency. 
In the simulations A, tos, and t%g were used as 
global fit parameters. With this set of parameters a 
fit was made of all in-phase and in-quadrature lock- 
wavelength-dependent PLPP signals. The parameter 
A was calculated from A and to~, taking into account 
the thermally averaged occupation umber of the 
oscillator at room temperature. In the simulations 
small phase errors of a few degrees were allowed for 
to mimic the observed asymmetry in some PLPP 
signals. The PLPP signals, although measured at 
different lock-wavelengths, were fitted with a single 
global amplitude parameter. 
As was shown in our earlier papers a worthwhile 
analysis of fs echo type experiments must include 
the effect of finite pulse duration. In this Letter this 
effect was taken into account by employing an ex- 
perimental response function of 20 fs width, being 
the electric field width of the optical ight field. For 
DTTCI in EG it was verified that this approach gave 
very similar results compared to the much more 
lengthy calculations which included the finite pulse 
width. Table 1 provides a list of the fit parameters 
used in the simulation of the data displayed in Fig. 4. 
The solvation frequencies obtained from some MD 
simulations [23,24] are also included in this table. 
The PLPP signals calculated using the convolution 
W.P. de Boeij et al. / Chemical Physics Letters 247 (1995) 264-270 269 
approach are depicted by the solid lines in Fig. 4. 
The fits are clearly excellent, reproducing as well the 
more subtle details of the signal shapes, above and 
below tOeg. The quality of the fits obtained implies 
also that a more elaborate correlation function then 
presented by Eq. (3) is not warranted. For instance, 
we have also made simulations by adding a constant 
term to M(t) ,  representing slower solvent motions, 
however a global fit of the data to this bimodal 
correlation function leads to a negligible weight of 
the constant erm. This implies that PLPP does not 
seem to be sensitive to slow solvent motions. These 
latter motions are clearly evident in stimulated pho- 
ton echo shift measurements. Fig. 5 presents the 
correlation functions (a), and imaginary (b) and real 
(c) parts of g( t )  obtained from fitting the data in 
Fig. 4. Note that unlike our previous, preliminary 
analysis, in EG there is solvation dynamics on a fast 
time scale, be it much less pronounced than for 
MeOH and AN. 
Prior to commenting on the fit parameters we 
point out that our analysis has not yet included the 
effect of possible intramolecular vibrations on the 
short-time dynamics of g(t) .  Frequency-resolved 
pump-probe and stimulated photon echo measure- 
ments exhibit quantum beats, clearly signalling the 
importance of this effect to the analysis of PLPP. 
From these measurements vibrational modes of 156, 
383 and 492 cm i were derived. In all solvents the 
156 cm -~ mode dominates in the quantum beat 
pattern. Furthermore the decay of this vibrational 
mode in all solvents occurs on the same time scale 
(about 600 fs), which is long compared to the short- 
time dynamics discussed here. 
It is easy to show that intramolecular vibrational 
modes contribute to the short-time dynamics of g( t )  
in a similar fashion as ultrafast solute-solvent dy- 
Table 1 
Fitting parameters 
Solvent A (THz) A (THz) toy (THz) A~g (nm) 
fit MD ~ 
EG 52.6 34.1 25 - 779.7 
MeOH 44.5 23.5 38 = 25 [23] 776.3 
AN 49.1 25.6 62 = 10 [24] 784.2 
a Solvation frequencies as obtained from molecular dynamics 
simulations on the solute coumarin 153. 
EG ........ MeOH ............... AN l 
o 
0 25 50 75 
0 
~ • ....... "'-... b )  




0 ~.-,'--. . , . . , i . . . .  
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Fig. 5. Correlation function (a), imaginary (b) and real (c) parts of 
the line-shape function, as derived from the fits shown in Fig. 4, 
for ethylene glycol, methanol and acetonitrile. 
namics. The reasoning oes as follows. In the MBO 
model, a vibrational mode is dealt with as a damped 
harmonic oscillator. Its short-time correlation func- 
2.2 which is tion can be written as: M(t )= 1 - ~o~ vi , 
identical to the limiting behaviour of M(t )  in Eq. 
(3). For the 156 cm-1 vibrational mode this corre- 
sponds to a 'solvation' frequency (o~v) of 29 THz, 
which is of similar magnitude as the solvation fre- 
quencies extracted from our PLPP experiments. Thus, 
clearly we cannot ignore the contribution of in- 
tramolecular vibrational dynamics to the short-time 
dynamics of g(t) .  This makes physical sense also 
because both intramolecular vibrational as well as 
solvation dynamics contribute to the observed Stokes 
shift in emission. In fact it has been suggested [13] 
that the Stokes shift in cyanine dyes is dominated by 
intramolecular vibrational relaxation. For DTTCI in 
EG an MBO analysis of conventional frequency-re- 
solved pump-probe measurements yields that about 
20% of the Stokes shift is caused by vibrational 
relaxation effects [25]. Then, how can separate sol- 
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vent from intramolecular dynamics in PLPP? As 
stated above, the vibrational dynamics are very simi- 
lar in all solvents, yet, as Fig. 4 indicates, the PLPP 
signals differ markedly. It is quite clear then that 
there must be a sizeable solute-solvent component 
in the ultrafast optical dynamics of DTTCI in MeOH 
and AN. 
At this moment we do not want to enter into a 
discussion of how to separate the intramolecular 
from the solute-solvent contribution to the measured 
solvation frequencies. The obtained solvation fre- 
quencies are therefore lower limits of the 'true' 
solvation frequencies determined by solute-solvent 
coupling only. The only firm conclusion we can 
draw is that in all solvents there is an ultrafast, 
non-Markovian, dynamical process on a time scale 
of less than 100 fs. However, whatever the cause of 
the ultrafast response is, it cannot be determined 
entirely by the prominent vibrational modes and it is 
much faster than predicted by molecular dynamics 
simulations. 
Summarizing, we have reported and discussed 
phase-locked pump-probe experiments on a dye 
molecule in different solvents. The real and imagi- 
nary parts of g(t) were separated and fit with a 
Gaussian correlation function. The initial decay of 
this correlation function is found to be extremely fast 
in all solvents, manifesting itself in fs photon echo 
experiments as a non-Markovian dynamical process. 
Whether we can capture these dynamics in the realm 
of the multimode Brownian oscillator model is not 
clear yet. We are currently exploring time-gated 
stimulated photon echo experiments o suppress the 
effect of intramolecular vibrational dynamics on the 
decay of the echo effect. In this fashion we hope to 
disentangle the intramolecular f om the solvent dy- 
namical effects. 
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